Abstract-The microwave permeability of multi-layered Fe films is under study. The multilayer films are found to possess more rigid magnetic structure and larger damping factor of ferromagnetic resonance compared to those of single-layer films. Bulk materials with high microwave permeability may be produced as laminated structures of these multi-layer ferromagnetic films. In the paper, experimental data are presented on the microwave permeability of such laminated regular structures based on Fe films. Possible technical applications of the materials under study include thin wideband radar absorbers and miniaturized patch antennas.
INTRODUCTION
For many microwave applications, materials with high microwave permeability values are needed. The frequency dependence of microwave permeability is typically due to the ferromagnetic resonance. In many magnetic materials, the permeability varies slightly with frequency until an abrupt drop appears at the ferromagnetic resonance frequency. Above the resonance, the permeability takes values that are close to unity. Hence, an estimate of microwave permeability of a magnetic material may be made from its static permeability µ s and resonance frequency f r . The static permeability characterizes the magnetic performance in the operating frequency band. The resonance frequency is an estimate for the cutoff frequency, above which the material is no more permeable enough and magnetic loss increases greatly. For high microwave permeability be attained, both f r and µ s must be as high as possible.
These values often reveal a complex dependence on the material composition, magnetic and crystalline structure, features of manufacturing and processing, etc. However, µ s and f r are related closely to each other by well known Snoek's law: an increase of one leads to a decrease of another, with the product of these being dependent only on the saturation magnetization M s of the material. The anisotropy field or other structure-dependent values are not involved in Snoek's law.
For thin films with in-plane magnetization, µ s is reciprocal to squared f r in difference to conventional Snoek's law [1] :
where γ ≈ 3 GHz/kOe is the gyromagnetic ratio. Eq. (1), which is referred to as Acher's law in the literature, also has the right-side part depending on the saturation magnetization only. Therefore, Eq.
(1) provides a constraint for the microwave permeability of magnetic films that is determined by the composition and is independent of structure, the same as Snoek's law does for bulk materials. When f r < γ4πM s , which is several GHz or several dozens GHz for typical high-permeability films, Eq. (1) produces far higher values of µ s and, therefore, higher microwave permeability compared to Snoek's law. Therefore, thin ferromagnetic films are promising materials for microwave applications. However, most applications require bulk samples. With the increase of film thickness, the microwave permeability of the film degrades because of the effect of eddy currents and out-of-plane magnetization. For these effects to be avoided, laminates of thin ferromagnetic layers are useful. Since the thickness of substrate is large compared to that of ferromagnetic film, multi-layer films may be used to obtain high volume fractions of ferromagnetic material in the laminate. Therefore, this study presents experimental data on the microwave performance of both multi-layer thin Fe films and laminates made of such films.
EXPERIMENT
Fe films are deposited onto a flexible mylar substrate of 10 or 20 µm in thickness by a RF magnetron sputtering in Ar atmosphere with N 2 admixture. RF magnetron sputtering is employed because it provides high-speed deposition. Fe target is used because Fe has large saturation magnetization that allows good microwave performance to be expected. The mylar substrates are chosen to be as thin as possible to provide the largest volume fraction of Fe in the samples for measurements.
According SEM data [2] , the films under study have the columnar morphology. Both the average granule size and the length to width ratio of the granules increase with the film thickness that causes an increase of the effective anisotropy field. The easy magnetic axis is collinear to the larger axis of the elongated granules. Decrease in the granule size diminishes the magnetic anisotropy and therefore increases the low-frequency permeability of the films.
The microwave permeability of flexible films is measured at frequencies of 0.1 to 18 GHz by the technique [3] , with a long and narrow film stripe wound into a torus-shaped sample to fit to the 7/3 coaxial line. The measurement setup allows the permeability be measured under magnetic bias of up to 500 Oe. Extensive experimental data are obtained on microwave performance of thin Fe films. A typical measurement results are given in Fig. 1 , with a single-layered Fe films. The data are shown in the figure for two samples with different direction of winding, one with sputtered iron outward and mylar inward, and another with opposite geometry. It is seen from the figure that the difference is noticeable in the microwave performance of the two samples, which may be attributed to the effect of magnetostriction. 
RESULTS AND DISCUSSION
Measured magnetic spectra of Fe films are found to agree well to the multiple Lorentzian dispersion law:
with x s,j , β j , and f r,j being the static susceptibility, damping factor, and resonance frequency of j-th resonance, respectively. The Lorentzian fitting is also plotted in Figs. 1-3 showing a good agreement with the measured data. The physical origin of the resonances, which may be either domain walls motion or magnetic moments precession, may be understood from variations of magnetic spectra under external magnetic bias [4] . Equation (1) is derived for a single-domain film with the in-plane magnetic anisotropy. However, it is shown to provide a good practical estimate for more realistic cases, such as the presence of the stripe domain structure [5] , the effect of eddy currents, and inhomogeneity of magnetic film [6] . With representation (2), Eq. (1) is verified for measured permeability of actual films. With the permeability measured under external magnetic bias of 300 to 500 Oe, Eq. (1) is found to be held with a good accuracy. With no external magnetic field, the left part of Eq. (1) is typically 0.3 to 1 of the theoretical limit given by the right part of the equation, which indicates that the directions of easy magnetic axes are distributed in the films under study.
Thickness dependence of microwave permeability of the films is also studied in the thickness range of 0.1 to 1.8 µm. With the thickness increased, the magnetic loss peak width increases rapidly.
The static permeability and the resonance frequency depend slightly on thickness below 1 µm. The thickness dependence is conventionally attributed to either the effect of eddy currents or appearing of out-of-plane magnetization at large thickness of a columnar structure. None of these reasons is consistent quantitatively with the measured data. Other reasons for the thickness dependence of microwave magnetic behavior may be larger pore contents and larger surface roughness in thicker films. For further studies, film thickness of 0.25 µm and the nitrogen contents in Fe of 1 to 2 at. % are accepted.
To produce a multi-layer film, several Fe layers are deposited onto a substrate alternated with either polymer or SiO 2 interlayers. Polymer interlayers of 1 to 3 µm thick are deposited making use of a centrifuge. SiO 2 interlayers of 0.25 µm thick are deposited with high-frequency magnetron sputtering. The advantage of the latter is that both film and interlayer are sputtered within a single process. Polymer interlayers require drying, which take time. However, with SiO 2 interlayers the properties of multi-layer film deteriorate noticeably with the number of layers, see below. In both occasions, multi-layer films with the number of layers of up to 10 are produced and studied.
Multi-layer films deposited with thick polymer interlayer reveal more rigid magnetic structure according the magnetostatic measurements and slightly higher damping factor compared with singlelayer films, see Fig. 2 [3] . The increase in damping factor may be attributed to the accumulation of inhomogeneities. In other respects, Fe layers in a multi-layer Fe/polymer film may be considered as non-coupled. The multi-layer samples for coaxial measurements are made of the patterned multi-layer films stacked together to comprise a bulk composite. This allows a composite sample to be produced with the permeability of 2.9 and low magnetic loss at frequencies below 1 GHz, with the volume fraction of Fe being as low as 0.77%.
For multi-layer films deposited with SiO 2 interlayers, the change in performance with the number of layers is more pronounced, see Fig. 3 . The damping factor increases drastically, which is accompanied by a decrease in intrinsic static permeability of Fe layers. The permeability of the layers in these multi-layer films is not additive. For example, subtraction of the permeability of a single-layer film from the permeability of a two-layer film made with the same technological parameters may produce negative magnetic loss. This may be attributed to smaller thickness of the SiO 2 interlayers, which may not prevent magnetic or structural coupling between adjacent Fe films. Another reason may be large internal stress introduced by the interlayers, which affects the permeability by the magnetostricitve effects. Under magnetic bias up to 480 Oe, single-layered films exhibits fast decrease of β and shift of ferromagnetic resonance to higher frequencies due to saturation in accordance with Kittel's formula. Meanwhile, spectrum of the ten-layered film stays almost unchanged that is an evidence for the escalating rigidness of magnetic structure and, hence, for the magnetic coupling between layers.
By stacking and gluing 10-layer films with SiO 2 interlayers, a laminate sample of 0.9 mm in thickness is produced for measurements of reflectivity in the 72 × 34 mm 2 rectangular waveguide. To avoid the effect of conductivity, the sample is cut in stripes of 6.5 mm in width. The sample is light-weight, as the volume fraction of Fe is as low as 5%. The peak of imaginary permeability is 4 at microwaves. In Fig. 4 , the reflectivity of the laminate is compared with that predicted on the base of coaxial permeability measurement of the film. The results agree closely. This closeness justifies also the permeability estimations for a plane film by averaging the permeability measured in wound films with opposite winding directions, Fe/SiO 2 inward and outward.
From the results obtained it may be concluded that multi-layer film laminates are competitive magnetic materials for microwave applications, among other materials, the microwave permeability of which is governed by Eq. (1), namely, hexagonal ferrites and amorphous microwires. Such materials may be of use for many microwave applications, such as magneto-dipole antennas [6] and radar absorbers [7] . The crucial point in selection among these is a width of magnetic loss peak at microwaves: the narrower these are preferred.
